The sand-burrowing isopod Eurydice truncata migrates from the benthos up to the neuston layer during the night. The gut contents of vertical migrant animals sampled in nocturnal neuston hauls off the Mediterranean coast of France were examined. The hauls were performed, on the one hand, from dusk to dawn, at a single station on the shelf and another on the slope, and, on the other hand, in the middle of the night, at various stations from the inner shelf to the slope. In shelf waters, the percentage rate of filled guts increased quickly after dusk and had reached almost 100% after 3 h of darkness. Isopods feed on living neustonic animals, preferably immobilized or passive living matter such as insects trapped at the surface or fish spawn. During the night, the gut contents gradually became more compact, and the remains of prey became less identifiable. The dry weight of the compacted gut contents of a single adult averages 0.50 mg, including 0.26 mg of organic carbon. At dawn, the downward migration leads to this neustonic matter being vertically transferred from the surface layer to within the sediment. A decrease in the animal's level of gut fullness occurs from inshore to offshore waters; this decrease in the feeding activity might generate a high rate of mortality in animals advected to slope water.
Introduction
The benthopelagic isopod Eurydice • truncata Norman, 1868, is a burrowing species living on the eastern Atlantic continental margin off the African and European coasts. Its habitat extends in the Atlantic from Senegal to Norway (Jones and Naylor, 1967; Vader, 1968; Gosselk, 1977) and it is also abundant in the western Mediterranean (Macquart-Moulin, 1992) .
This species, which is usually confined within the limits of the continental shelf to depths of 20-200 m, can extend offshore to slope waters, in the upper bathyal regions (Macquart-Moulin, 1992; Macquart-Moulin and Patriti, 1996) .
The maximum population densities in the benthos have usually been recorded in the mid-shelf region, in water depths from 100 to 150 m. Very dense populations have been recorded in the sediment in some places: Gosselk (1977) noted densities of -18 000 ind. m~2 at depths of 30 m in the shelf region off Mauretania.
These isopods have pelagic phases during the night (Tattersall, 1906; Fage, 1933; Macquart-Moulin, 1992) . The circadian rhythm makes them emerge from the sediment at dusk (Macquart-Moulin, 1973 , an endogenous lightcontrolled vertical migration occurs (Macquart-Moulin, 1972 , 1985 , and the animals gather at the sea surface (Champalbert and Macquart-Moulin, 1970; Tully and O'Ceidigh, 1986, 1987; Macquart-Moulin, 1992) . This hyponeustonic pattern of distribution is observed throughout the night, and at dawn the animals return to the bottom and burrow into the sediment. The upward evening migration and the downward morning migration are both very fast, and only a few animals have been collected in the deep or intermediate layers during the night. This nocturnal migratory behaviour occurs close inshore along the whole continental shelf. When the wind is blowing seawards, the animals can be transported offshore by surface currents after accumulating at the surface at night and then be trapped in slope waters during their downward morning migration. Numerous animals have therefore been recorded in slope waters above bottom depths of up to 1500 m (Macquart-Moulin, 1992; Macquart-Moulin and Patriti, 1993, 1996) . Further observations have suggested that large numbers of these animals, mainly the adults, are able to descend to the slope bottom during the day and that the diel vertical migration continues in slope waters and leads at night, as in shelf waters, to a spreading of the population to the sea surface (MacquartMoulin, 1992) .
The migratory behaviour of E.truncata may constitute a mechanism directly ensuring active vertical transfer of organic matter between the bottom, the surface and the various water masses along the whole continental margin, including the shelf and the slope regions. The inert organic matter transported consists mainly of the food carried by the animals in their gut. The first aim of this study was to ascertain whether the transfer of this matter serving as food was upward from the bottom to the surface; or vice versa, and to attempt to determine the amounts of matter involved in the transfer.
As the result of advective seaward transportation, neritic animals weakened after being removed from their original biotope can accumulate in slope water. An increase in their death rate will lead to the slope bottoms being enriched by organic matter. The second aim of this study was to evaluate the ability of these transferred animals to survive and to feed in slope waters on pelagic or benthic food.
The gut contents of E.truncata collected in nocturnal neuston hauls were examined. The hauls were performed, on the one hand, from dusk to dawn, at the same station, and, on the other hand, in the middle of the night, at various stations from the inner shelf to the slope.
Gut repletion during DVM in Eurydiee truncata

Method
This study was carried out off the Mediterranean coast of France, on the Provenc.al continental margin. The locations of the hauling stations are given in Figure 1 . The time-related variations in the gut contents were studied in mid-shelf waters, above 100 m off Marseille (station M), and in slope waters, above 1250 m off Toulon (station T) (Macquart-Moulin, 1992) . The spatial variations were studied along various transects, off Cassis and Marseille, above bottom depths ranging from 70 to 1500 m (Macquart-Moulin and Patriti, 1996) .
Neuston hauls were performed with ORI plankton nets (Omori, 1965 ) with a rectangular mouth (mouth area = 2 m 2 , length = 8 m, mesh size = 330 um). The hauls lasted 10 min. Vertical bottom-to-surface hauls made with ORI plankton nets with a circular mouth were carried out in addition to some of the neuston hauls. Hauls were carried out at station T during three consecutive diel cycles, in October (Macquart-Moulin, 1992) and at station M during a single night, in March, 1993. The Cassis transect was investigated in January and the Marseille transects in February, March (two cruises), April, May, June, July (two cruises) and September (two cruises).
Animals were immediately fixed in 5% formaldehyde solution after being caught. No anal or oral excretions were observed under laboratory conditions during or after fixation. The anterior hindgut contents were examined after dissection. Five states of repletion (empty, very slightly filled, half-full, full and swollen) and three gut content states (loose, dense and compacted) were defined. Length measurements were taken on the dorsal line, from the front of the cephalon to the end of the telson. The contents of full anterior hindguts can easily be obtained by dissection because they remain compacted once the gut membrane has been removed. The dry weight of the contents was determined after 24 h of desiccation at 50°C. The contents of 100 full hindguts were desiccated and weighed together, using Mettler scales of the AT 261 type to within 0.1 mg. Organic carbon content was determined with a LECO 800 CHN analyser (burning temperature 950°C).
Results
State of the hindgut contents
When the anterior hindgut is completely empty, its walls are folded and it forms a long and narrow cone-shaped canal. The largest diameter of the cone is posterior and is situated close to the sphincter separating the anterior hindgut from the posterior hindgut. When Eurydice feed, the anterior hindgut can expand drastically, so that large quantities of rapidly eaten food can be stored. It is then shaped like an oblong dilated ball with its maximum diameter in the posterior part. So, in the largest adults, the hindgut diameter can expand from 0.2 to 2 mm (about a quarter of the total body length), and the hindgut length can expand to -4 mm (more than half the total body length).
Although the distension of the anterior hindgut normally depends on the amount of food ingested, small quantities of loose or compacted food can occasionally be found in a greatly dilated hindgut. When the hindgut is completely full and when the distension is maximum, the density of the food mass can vary. When it is loosely packed, the mass disintegrates easily and can be found to contain many fragments of prey: the matter is heterogeneous and light in colour. When it is more densely packed, the mass remains compacted once the gut membrane has been removed, very few fragments of prey are visible, and the matter is less heterogeneous, more opaque and brown in colour; small dark granules and membranous fragments are sometimes present. In the compacted state, the food mass consists either of many smaller masses packed tightly together, or of homogeneous, compact, and sometimes translucent brown matter. When the hindgut is only slightly filled, any of the three states described above can be observed. In the second state, the matter is often elastic and fibrous, and completely devoid of fragments of prey. In the third state, the matter is compact and homogeneous.
Time-related variations
Mid-shelf waters. The quantitative variations in the anterior hindgut contents were examined in populations sampled at station M, above 100 m. Neustonic Eurydice were sampled 11 times during one night (Figure 2 ), from the fifth minute to the ninth hour after the level of luminosity at the surface decreased to below 1 lux. Dawn occurred 11 h after dusk.
In the animals reaching the surface immediately after dusk, >80% of the guts were fairly or completely full and the animals with full hindguts amounted to -60%. Half an hour after dusk, the frequency of full hindguts had fallen to 30%, and the frequency of empty and nearly empty guts had increased to >40%. These frequencies did not change greatly during the following 2 h. After 2.5 h of darkness, the frequency of full hindguts suddenly increased to 80%; 100% of the guts were by then fairly or completely full. During the rest of the night, the frequency of full guts remained high, i.e. >60%, and the frequency of empty or nearly empty guts remained very low, between 5 and 10%. The variations in the state of the full gut contents are given in Figure 3 . In animals sampled immediately after dusk, 95% of the contents were in a loosely packed state, and none were compacted. The frequency of occurrence of dense and compacted contents increased during the first 2 h of darkness. After 3 h, 100% of the contents were dense or compacted, >60% were compacted and none were in a loose state. A high frequency of dense and compacted contents (>80%) was observed at around midnight and during the last few hours of the night.
At nightfall, >50% of the guts were completely full and contained identifiable fragments of small crustaceans (especially copepods and cladocerans). The gut filled with these fragments still amounted to -50% during the first hour of the night, decreased to 10% during the second hour and fell to 0% during the third hour. During the rest of the night, identifiable remains of crustaceans were present in the few loosely packed gut contents collected.
Slope waters. Variations in the gut contents were examined in surface populations sampled at various times from dusk to dawn during three consecutive nights at station T, above bottom depths of 1250 m (sample size > 10). The proportions of empty and full guts are given in Figure 4 . The total frequencies of occurrence of swollen, full and half-full hindgut varied unevenly from 20 to 100% throughout the night. The minimum state of replenishment was observed during the first 2 h after dusk and the maximum state in a midnight sample. The variations in the state of the full gut contents are given in Figure 5 . Both the minimum frequency of occurrence of closely compacted contents and the maximum frequency of occurrence of loose contents were observed during the 3 h following dusk. During the second part of the night, closely compacted and dense contents prevailed, and the respective proportions of compacted and loose contents did not vary to any noticeable extent. Very few remains of prey were observed in guts of animals collected from slope waters and identifiable fragments were present in <5% of these samples. The gut contents in both the loose and dense states often consisted of elastic and fibrous material containing small dark granules.
Spatial variations
The levels of hindgut repletion observed in the middle of the night in Eurydice sampled during 10 cruises over the various isobaths along the Cassis and Marseille transects are given in Figure 6 (sample size > 30). The animals were fullest on the inner shelf above 70 and 90 m bottom depths, and minimum in slope waters above 750 and 1000 m. This decrease from inshore to offshore was observed consistently during nine cruises. During one cruise (4 April 1994), the frequency of occurrence of full guts remained constant from 90 to 750 m (60-80%). During one cruise (9 September 1995), when E.truncata was observed mainly in slope waters, the frequency-of full guts decreased from 90% to <10% between 350 and 750 m, but increased to -80% above 1000 and 1500 m bottom depth. Off Toulon, above 1250 m, the frequency of full guts was -50% (sample size 80).
The frequency of occurrence of dense and compacted gut contents was high in shelf waters and in offshore slope waters over 750, 1000 and 1500 m, and minimum on the upper slopes (500-350 m) (Figure 7) . The frequency of occurrence of compacted gut contents was maximum in slope waters over 750 m. Off Toulon, above 1250 m, 84% of the gut contents were in a dense or compacted state. The remains of small crustaceans and compressed spawn shells were observed in the gut of Eurydice sampled at all the stations from 100 to 1500 m. The frequency of occurrence of guts filled with fragments of crustaceans was sometimes >60% at all the stations except for those above bottom depths of 1500 m (where they were only 40%). During the cruise of 1 July 1993, frequencies of 70, 64, 90, 80 and 79% were recorded over bottom depths of 100, 350, 500, 750 and 1000 m, respectively. Fish egg shells were observed in shelf and slope waters over bottom depths of 100,350,1000 and 1500m. The frequency of occurrence of gut contents with fish egg shells was sometimes >45%; it was particularly high during the cruise of 1 July 1993 (>64% on upper slopes), when the maximum density of fish eggs present in neustonic hauls was high (>150 eggs m~3). Parthenogenetic eggs and larvae of terrestrial insect aphids were frequently observed in the gut contents collected along the Marseille transects and over 1250 m off Toulon. One almost intact virginiparous female aphid with eggs and larvae in the abdomen was observed in the gut content of Eurydice caught in slope waters. During the cruise of 1 July 1993, numerous aphid eggs and larvae were observed above bottom depths of 750 and 1000 m. During the cruise of 7 June 1995, the rate of occurrence of guts filled with aphid eggs and larvae was >50% at all the stations: frequencies of 80, 53, 50, 80, 70 and 50% were observed over bottom depths of 750,500,350,200,100 and 90 m, respectively.
The levels of gut repletion of adult and juvenile populations were compared during one cruise (30 May 1994) over bottom depths of 100,200,350 and 500 m. In slope waters, full and swollen hindguts were more frequent among juveniles (60%) than adults (5% over 350 m and 35% over 500 m). No differences were observed between the frequency of occurrence of full guts in the population sampled in nocturnal vertical versus neuston hauls above the slope (350 and 500 m).
Qualitative and quantitative features of hindgut contents
The dry weight of one swollen hindgut content was determined from 100 animals (7-mm-long adult males) with swollen hindgut contents in the compacted state collected during the second part of the night. The dry weight of one gut content was 0.508 mg including 0.265 mg of organic carbon, 0.047 mg of nitrogen and 0.040 mg of hydrogen. This weight amounted to about one-third of the dry weight of the whole animal.
Discussion
Diel feeding activity
The data obtained here on animals collected in both mid-shelf waters and slope waters seem to indicate that feeding occurs either before or during the upward vertical migration. In mid-shelf waters, 80% of the animals reaching the surface immediately after dusk had at least half-full hindguts. In slope waters, >50% of the animals sampled at the surface 30 min after dusk were at least half-full. An upward vertical flux of gut content was therefore associated with the active upward vertical migration of Eurydice. The high frequency of gut contents in the loosely packed state observed during the first hour of the night seems to indicate that feeding may have occurred mainly in the mid-water column during the upward movement and not in the sediment prior to the migration, or at the surface during previous nights.
The high frequency of occurrence of gut contents in the compacted state observed at around midnight in slope waters may have resulted from daytime feeding in the deep layers or from fasting after advection of the Eurydice from shelf waters. Some observations on an experimental tank (C.Macquart-Moulin, unpublished results) showed that in the absence of food, the gut contents remain compact for 6-7 days and gradually become more harder and more translucent and brown-orange in colour. In the animals sampled in deep slope waters (over bottom depths of 750, 1000 and 1500 m), the increase in the frequency of compacted gut contents was paralleled by a decrease in fullness.
In shelf waters, the gut contents acquired a more and more compacted state during the night, and the remains of prey became less and less identifiable as the food in the hindgut became more tightly packed and the digestive processes began. A great amount of feeding activity occurs at the sea surface and the presence of this neustonic feeding pattern was demonstrated here by the abundance of the remains of fish eggs and terrestrial winged insects in the gut contents. Fish eggs accumulate in the neuston layer (Zaitsev, 1971) and winged insects are trapped in the surface film. In an experimental tank (C.Macquart-Moulin, unpublished results), E.truncata was observed feeding quickly on living neustonic pontellid copepods. In summer samples, Jones (1968) observed abundant small dipteran appendages in the gut of the intertidal Eurydice pulchra. Holdich (1981) has described the feeding behaviour of another littoral species, Eurydice affinis Hansen, on diverse insects: these insects are trapped in the surface film and attacked by Eurydice from below, by grasping them with their pereopods. In the present study, remains of insects were mainly observed in the guts of Eurydice caught on the three cruises immediately following a period of strong northerly seaward wind. This might explain the high rate of insect remains detected in the gut of the isopods sampled up to and including the offshore stations. These animals seem to feed preferentially on immobilized or passive living matter such as insects trapped at the surface or fish eggs, because the rate of occurrence of guts containing large quantities of these components increased suddenly whenever their density was high in the neustonic layer, while the rate of occurrence of guts containing the remains of small Crustacea decreased. Eurydice truncata, like its littoral congenerics (Salvat, 1966; Jones, 1968; Holdich, 1981) , seems to be an active carnivorous predator that can catch many different prey and exhibit opportunistic feeding habits that may play a large part in the feeding behaviour of this species.
Eurydice truncata, like other benthopelagic isopods, is present in the surface layer during the whole night (Champalbert and Macquart-Moulin, 1970; Macquart-Moulin, 1992) . Nevertheless, the surface population might consist of individuals staying at the surface for only a few minutes or hours, corresponding to the interval between the upward and the downward vertical migration. The change in the gut contents observed during the night, tending towards a more compacted state, may indicate that the animals stay in the surface layers during the whole night and that only two vertical migrations occur during the night: an upward migration at dusk and a downward one at dawn. Tully and O'Ceidigh (1986) have observed that in Eurydice inermis sampled in shelf waters, the rate of occurrence of empty hindguts decreased during the first few hours after dusk, and that the maximum rate of occurrence of swollen guts was reached before dawn. The frequency of guts containing identifiable remains of prey also decreased during the first few hours of the night, as in our study, while the rate of swollen guts increased.
A regular decrease in the rate of repletion was found to occur from inshore to offshore waters. This decrease may be due either to a lack of quantity or quality in the food supply, or rather to a decrease in feeding activity due to exhaustion because of the great distances covered during the diel vertical migrations in deep water or to their contribution to continuously sustaining pelagic life. A decrease in the feeding activity in slope waters might generate a high rate of mortality and may explain the absence of this species in oceanic waters. This mortality will enrich the slope bottom with organic matter. When the wind blows seaward, neritic prey collected in the guts of the Eurydice drifting offshore also participate in this enrichment of the slope benthos.
Transfer of organic matter between surface and sediment
In shelf waters, the nocturnal feeding behaviour of Eurydice leads to a downward vertical transfer of matter from the surface layer to within the sediment, since the animals swim back to the bottom and burrow into the sediment at dawn. Assuming that the gut of an animal emerging from the sediment and starting its upward migration to the surface at dusk is nearly empty, the quantity of organic matter removed from the surface by night and buried in the sediment at dawn will correspond to the contents of the hindgut. One adult animal might transfer -0.500 mg of dry matter, including -0.250 mg of organic carbon. These weights, measured on animals fixed in 5% formaldehyde solution, were most probably underestimations, because several authors have observed a loss of dry weight and carbon content in chemically preserved animals. This loss can range between 20% and over 40%, depending on the species (Hopkins, 1968; Champalbert and Kerambrun, 1979; Giguere et ai, 1989) . The results of previous experiments (C.Macquart-Moulin, unpublished results) have shown that during periods of fasting, the hindgut of E.truncata can remain swollen for 7 days. Jones (1968) has observed that in E.pulchra kept without any food, the previously ingested food is retained in the hindgut for up to 3 weeks. Johnson (1976) in Cirolana harfordi (Kochigton) and Kaim-Malka (1997) in Natatolana borealis have noted that the animals continue to digest for a number of weeks large amounts of food obtained at a single time. The high frequency of occurrence of E.truncata with empty hindguts or hindguts filled with loose matter during the upward evening migration might indicate that migration does not occur every night and that the satiated animals might stay in the sediment for several days. The quantitative and qualitative variations observed here in the neustonic prey may explain the existence of irregular variations from one night to another in the density of the population present in the neuston: a night with suitable and abundant food may be followed by a lack of emergence from the sediment and an absence of vertical migration to the surface. This hypothesis was only partly confirmed experimentally (Jones and Naylor, 1970; Macquart-Moulin, 1973; Reid, 1988) . Further experiments will be necessary to confirm whether the emergence from sediment and vertical migration of E.truncata depend on the state of repletion.
In slope waters, the frequency of occurrence of full and swollen guts decreased, although the frequency of gut contents in the compacted state increased. The upward and downward transfers of living biomass occurred here as in shelf waters, but the quantity of gut contents transferred was lower. Some animals can stay in deep layers of the water column during the day and migrate to the surface at dusk with only part of their gut contents in a compacted state.
The amounts of non-living surface matter involved in evening and morning vertical transfers and in nocturnal advective transfers depend on the migratory biomass of Eurydice. This biomass depends, in turn, on the bottom depths, the type of sediment and the geographical region in question. Along the Marseille transects, a maximum adult density of 2.5 ind. m~2, corresponding to a biomass of 4 mg daymass m" 2 , was observed at the surface in mid-shelf waters above bottom depths of 100 m. The diel vertical migration of this biomass can lead to a direct daily downward transfer of faecal dry mass from the upper surface layer to within the sediment amounting to 1.25 mg m~2 or 1.25 kg km" 2 dry weight. This is the maximum amount involved in the vertical transfer because the calculation was based on average data obtained on adult individuals with swollen hindgut contents alone and taking the maximum abundance observed in the Marseille shelf water. Given the long digestion time, the matter transferred to the surface at dusk and to the bottom at dawn might also result from meals ingested on the previous nights at the surface or near the bottom. Only the weight loss resulting from fixation in formaldehyde may have led to underestimation of this maximum.
The geographical variations observed in the migratory biomass of E.truncata lead to strong variations in the amounts involved in the vertical transfer. They may be greater on the inner shelf of the Gulf of Lion, where the density of the E.truncata populations seems to be greater than in the south of Marseille. Tully and O'Ceidigh (1983) have recorded a maximum density of 1.5 ind. nr 3 over bottom depths of 50 m off the mid west coast of Ireland. Enormous densities of E.truncata can be observed in some regions: densities of up to almost 18 000 ind. m~2 have been observed, for example by Gosselk (1977) on the shelf region of NW Africa. Assuming that only 10% of the animals are active migrants at night, 1 g nr 2 or 1000 kg km" 2 dry weight of neustonic matter may be buried in the soft bottom in the morning. The fast downward transfer might be of particular importance when surface pollution occurs in the area. The large offshore range of E. truncata may result in the pollutants being quickly and widely dispersed and sunk, and in their being buried far down in the deep shelf and slope bottoms.
